Real-time monitoring of structural integrity is an important challenge. This article presents the results of damage detection in real time for two materials: Al 6061-T6 and twill weave carbon fibre-reinforced epoxy composite. The natural frequency as a global dynamic technique was adopted and the structure was evaluated based on the change in the natural frequency. A square thin plate with simply supported edges was investigated under the effect of sinusoidal signal which was generated via mechanical vibration exciter to carry out the natural frequency of the panel. A smart sensor (piezoelectric ceramic lead zirconate titanate) bonded to the surface of the composite panel was used to capture the signals. Experiments demonstrate the effect of change in crack depth and the response of these panels. The results were measured via monitoring technique and evaluated using root mean square deviation index as statistical analysis.
Introduction
Civil, aerospace and mechanical structures are the most expensive national assets of any country. Damage detection existences in these structures can enhance the safety, security, and extend the structural service life, and reduce the maintenance costs. Early detection of the damage or structural degradation prior to local failure can prevent a catastrophic collapse of those structures. Typical damage in these infrastructures might be due to the development of cracks. Recently, extensive research works in civil, aerospace applications have been extended using fibre-reinforced plastic composite materials. These materials contain strong and continuous fibres bound together by a continuous matrix of polymer resin. Structural vibration control along with smart materials is gradually being used for flexible structures and it has attained remarkable progress. Vibration control is critical to the development of advanced lightweight and structures such as helicopter, wind turbine blades, aircraft wing and flexible space structure such as a solar array, light weight trusses and space station (Schulz et al., 1999) . Piezoelectric ceramic lead zirconate titanate (PZT) sensor worked as a link between the non-electrical setting and data processing electric schemes (Waanders, 1991) . Novel smart sensors and actuators, such as PZT transducers have been identified as the method of structural health monitoring (SHM) technology development and it is widely used for monitoring requests. For SHM approaches, the data reduction technique based on principal component analysis was applied by Aris et al. (2014) . Two carbon fibre-reinforced plastic (CFRP) panels were subjected to damage and repair coinciding with typical aircraft repair procedures. Via placing smart PZT sensors type (APC-850), the raw data in a Lamb waveform were captured at 100 mm across the damaged and repaired structures. The results presented the talented accuracy and repeatability of the data and it was possible to distinguish the circumstances of undamaged, damaged and repaired cases. In addition, Aris et al. (2015) studied two experimental procedures, normal, damaged and repaired conditions in aircraft panels using PZT sensor. CFRP was the first case. A function generator and the oscilloscope were used. The result showed the ability of the sensors to sense structural integrity in two cases as normal and repaired samples, where Wu et al. (2009) developed a hybrid PZT/fibre Bragg grating (FBG) system based on composite laminate plates to detect the damage. Piezoelectric actuators were used to control the input excitation to the structure while fibre optic sensors were used to capture an aluminium plate response. The results demonstrated the viability of identifying the simulated damage on an aluminium plate by the proposed hybrid system. Moreover, for damage detection and localisation in a composite plate (Zumpano and Meo, 2008) presented a novel transient non-linear elastic wave spectroscopy (TNEWS). Based on time-frequency and coherence function and via two different pulse excitation amplitudes, the TNEWS analysed the un-connections between two structural dynamic responses. The developed method recognised and reflected robustness and a perfect way to monitor the non-linear elastic wave propagation performance. However, the bolt load loss in hybrid metal composite connections was investigated by Caccese et al. (2004a) and Caccese (2004b) via frequency domain techniques. A composite plate fabricated using E glass with a 6.35 mm in thickness and bolted to a steel frame. Controlled vibration input was provided via a PZT actuator bonded to the centre of the composite panel. Damage index approach was used to evaluate the effect of load changing. The results improved and the transmittance function approach had the most capacity.
Natural frequency as a basic vibration parameter has advantages: it is easy to measure, is less influenced by environmental noise; besides it is considered the most smart for a fast and global method that can be measured at one single position in the structure (Srinivas et al., 2009) . Commonly, in structural assessment, the natural frequency is used as an investigative parameter for vibration monitoring and the structural circumstance can be monitored via analysing the periodical frequency measurement. In addition, if there are cracks with similar crack length in two different locations, it may affect the same quantity of frequency changes, and the changes in the natural frequency may not be acceptable for selecting the identification of the location of structural damage (Salawu, 1997) . Any damage that occurs can affect the structural condition and change the signal (Park and Inman, 2007) . And, severity in structure due to damage can be measured directly when the natural frequency in the structure changes (Kim et al., 2003) . A frequency response method in SHM system has many advantages which are as follows: it is cheap, light in weight and provides understanding as to the overall condition of the system (Kessler et al., 2002) . Some measurements are inflexible in the time domain but it is easy in the frequency domain. Measurement of the structure's natural frequency can provide a non-destructive testing technique (Cawley and Sarsentis, 1988) . The structure integrity can be monitored via periodical frequency measurements based on the sensitivity of natural frequency as a good indicator for damage detection. Also, Cawley and Sarsentis (1988) considered the natural frequency as a faster technique than other methods such as ultrasonic process which requests a transducer to scan over all the examination spaces. In addition, this type of test is smart and it is possible and reliable to define the properties of a whole structure via a single point measurement. The spectrum is the fundamental measurement and the spectrum's magnitude is displayed to represent the complete signal amplitude in each frequency set (Stanford Research System (SRS), 2015) . The distribution of the frequency differences may be described either by a measure or by a statistical occupation. It is significant to use the power spectrum in statistical analysis of signal processing (Spectral Density, 2015) . Coherence is used to examine the record sets. It is usually used to evaluate the power transfer and the joining of input and output. The accuracy of the signal data can be reflected via the coherence curve. The damage identification is one objective of this study in order to predict the integrity of the structure. Therefore, similar procedures were performed in this study using the data of the two materials for statistical analysis based on root mean square deviation (RMSD) index.
Materials and instrumentation
Two materials were used in this investigation, mechanical vibration exciter, and NI DAQ and LabVIEW software.
Aluminium alloy type 6061-T6
Structural prototype to simulate a three-storeyed building was constructed using aluminium alloy type 6061-T6 with dimensions 300 3 300 3 3 mm. The floor was considered as a reference to compare with Carbon Fibre-Weave (CFW)/epoxy composite laminate panel. The floor's design was capable of connecting with the columns. The corner was cut and removed and squared in shape with dimensions of 40 3 40 mm as shown in Figure 1 .
Composite panels
The specification of carbon fibre, which is used in this research to fabricate the composite panels, is carbon fibre type twill weave carbon 240 g/m 2 . Composites were fabricated using hand lay-up and vacuum bagging method to produce the laminate composite planes (CFW/epoxy) and in the same thickness of Al 6061-T6 (3 mm). The matrix was epoxy resin and hardness mixed in a ratio of 3:1, respectively.
Frame structure's design
In this study, the prototype was constructed using aluminium frame fixed on the mechanical vibration exciter (shaker table) in order to test the selected materials under the effect of vibration. The three-storeyed frame experimental setup was used for the two types of materials. The experimental setup included the frame with composite panels of three floors. The experiment was designed to realise and approve a SHM technique for a composite application. Figure 2 illustrates the frame design in detail.
The first case studies were carried out to check the feasibility of undamaged detection as shown in Figure  3 , it was considered as a reverence to compare with the other damage cases.
Three types of damage were presented as follows: 10, 15 or 20 mm crack's depth as shown in Figure 4 (a)-(c), respectively).
In Figure 5 , three panels for two materials were cut according to the aluminium frame's design and prepared to be fixed as three floors. These panels were changed and fixed individually based on the same material for all the three floors.
Data acquisition
PZT materials were utilised as a powerful and innovative tool for local damage detection of various structures. APC International supplied PZT 850 with these characterisations which also mentioned approval by APC Company: high in charge sensitivity, link and density with fine particle structure, as well as it has a large displacement, noise-free frequency response and a higher operating temperature. Data acquisition (DAQ) device involves NI-9234 module and NI USB-9162 high-speed carrier. NI 9234 C Series is a four-channel dynamic signal acquisitions, 65 voltage range and 24-bit resolution. This module includes built-in antialiasing filters that automatically adjust to the sample rate. This device is compatible with a single module USB carrier (9162). National Instrument and LabVIEW software is a graphical programming environment for developing refined measurement, test and control systems (LabVIEWä SignalExpress, 2012). In this investigation, PZT 850 sensor type disc is 10 mm in diameter and 1 mm in thickness. This PZT was connected by wire to the NI USB-9234 DAQ, while the NI 9234-USB was linked to the PC. LabVIEW SignalExpress software was installed and employed to analyse the collected data. PZT sensor was bonded on the surface at mid-span edge of third floor panel to monitor, capture, log and to analyse real-time data for the performance of undamaged structures and three cases with different types of damage in structures. The location of crack was selected as a fixed entity for all the case studies while the depth was considered as varied. Natural frequency was the principal data detected to evaluate the analysed results. In this investigation, damage detection and identification adopted the frequency domain which was filtered to ensure that it was free of noise effects.
The analysis was performed using the natural frequencies and power spectrum. The spectrum is the fundamental measurement and the spectrum's magnitude is displayed to represent the complete signal amplitude in each frequency set (SRS, 2015) . The variation of the scattered signal can be described via the power spectrum within a sequence time and can present the power of that signal at each frequency which may be decomposed and distributed. The performance of the power spectrum on the complete signal can be spread into short parts. It is significant to use the power spectrum in statistical analysis of signal processing (Spectral Density, 2015) . Coherence is used to examine the record sets. It is usually used to evaluate the power transfer and the joining of input and output. The accuracy of the signal data can be reflected via the coherence curve.
RMSD index for damage identification
Normally, the structural properties such as m: mass, E: modulus of elasticity and I: second moment of inertia can be affected due to any defect in the structure. One of the dynamic properties like natural frequency is related to the structural properties and it is able to detect any defect in the structure. To date, several damage metrics are active to compare and measure the existence of damage. The distribution of the frequency differences may be described either by a measure or by a statistical occupation. One of the statistical analyses is the RMSD. The RMSD could be applied to compare the frequency deviation and to measure the reality of damage. The damage can be quantified via RMSD of the natural frequency when the crack is propagated and then the damage index can be released. The mean is a helpful function to organise and analyse large sets of data. Root mean square (RMS) is a statistical measure of the amount of a varying quantity especially when these variants are positive and negative such as the sinusoidal wave. RMS value of various signals can be taken as equally spaced samples. The mean (average) was achieved by dividing the sum of observations on the number of these observations (n), and the standard deviation was defined as the average distance between the real data and the mean. Mostly, RMSD as a nonparametric measurement was used to quantify damage ( Naidu and Soh, 2004; Neto et al., 2011; Panigrahi et al., 2010; Park et al., 2006; Raju, 1997; Rutherford et al., 2004; Yang et al., 2010) . RMSD is defined as per the following equations
where Z 1 and Z 2 are the real parts of the baseline measurement and measurement used for comparison, respectively, i is the frequency interval and n is the total number of frequency points used in the comparison (Yang et al., 2009 ). Alternatively, the RMSD is sometimes scaled by the baseline values instead of the number of points as defined in the following
The results from these equations cannot be considered as a result of damage. The mean of each measurement can be subtracted from the measurement to produce the damage metric as per the following equation, and the form of the RMSD damage metric then becomes
where Z 2 indicates the mean of the measurement (Peairs, 2006; Raju, 1997) .
Experimental setup
The purpose of the experiment was to evaluate SHM technique using PZT sensor and to detect the crack damage in Al 6061-T6 and CFW/epoxy composite structures in real time. NI USB-9234 DAQ as analogue system has the utility to filter the signal to isolate the important frequencies so that the signal power that passes through the filter is measured in order to determine the signal power in frequency sets. The acquired output signals, frequency domain values can be obtained to proceed further with the statistical analysis. The data were collected from each structure as undamaged (healthy) and damaged. Through the experiment, an excitation was provided via mechanical vibration exciter. The speed of the exciter was converted to frequency (18 Hz) according to equation (3), and the range was 29.2-30.0 Hz. The excitation frequency was chosen and controlled as a same value for all specimens' test sets. The natural frequency responses were measured for all panels due to the effect of that vibration. The processing of the signals was accomplished using LabVIEW SignalExpress software to compare the experimental results for validation and identification. PZT sensor was tested via impedance changes and the wave propagation signals to ensure its sensitivity and ability to capture the signals. In Figure 6 , the experimental setup is demonstrated (Nisreen et al., 2015) .
In each test, the PZT sensor was bonded in the midspan of the third floor edge of the host structure and in the same portion to prevent any difference with the baseline measurements otherwise every sensor would measure a different dynamic response. The experiments involved four cases, which included a healthy group's panels and three damaged group's panels. The three damaged groups were associated with the three different crack depths (10, 15 and 20 mm). The boundary condition of the floor's panel was four edges and it was simply supported. The first test for the third floor of the structure (prototype) in undamaged (healthy) case was done for Al 6061-T6 (as a reference case). PZT was bonded on the surface of the panels in the consulted position to capture the frequency. The first case was undamaged for the four materials and considered as references to compare the damaged cases. The test was repeated many times to check the response signals and to ensure that the experiment would produce similar results. Once a significant result from the healthy specimens was obtained, then it was moved to the second step of the experiment. Experimentally, the cracks were formed with an electric saw in the mid-span of the panels to simulate the damage with three different lengths: 10, 15 and 20 mm. These damages were created in the two materials. In each case, PZT was bonded on the internal end of the crack. PZT sensor was applied to the structure to capture the vibration signals. It can produce a structural identification, health monitoring and non-disturbing method. Any change which occurred in the state of the structure was established as a deviation in these signatures and considered as SHM and Non-Destructive Evaluation (NDE) technique (Peairs, 2006) . The experimental setup for the Al 6061-T6 and CFW/epoxy panels is presented in Figure 7 (a) and (b), respectively.
Results and discussions
One of the dynamic parameters is the natural frequency and the fact that any change due to damage or deterioration in any structure can affect the natural frequency. Monitoring these changes in frequencies can reveal the structure's integrity if it is undamaged or if any damage may occur. Based on that, the four case studies for two materials were evaluated to identify the ability of these materials and their resistance against the vibration effects. The purpose of the experiment was to evaluate SHM technique using PZT sensor and to detect the crack damage in Al 6061-T6 and composite (Nisreen et al., 2015) . structure in real time. The results were measured and evaluated using monitoring technique including: NI (DAQ USB-9234) device and LabVIEW SignalExpress software. NI USB-9234 DAQ is an analogue system with the utility to filter the signal to isolate the important frequencies so that the signal power that passes through the filter is measured in order to determine the signal power in frequency sets. The acquired output signals and frequency domain values can be obtained to proceed further with the statistical analysis. The data were collected from each structure as undamaged (healthy) and damaged. The natural frequency responses were measured for all panels due to the effect of that vibration. The processing of the signals was accomplished using LabVIEW SignalExpress software to compare the experimental results for validation and identification.
In each test, the PZT sensor was bonded in the midspan of the third floor edge of the host structure and in the same portion to prevent any difference with the baseline measurements otherwise every sensor would measure a different dynamic response. The experiments involved four cases, which included a healthy group's panels and three damaged group's panels. The three damaged groups were associated with the three different crack depths (10, 15 and 20 mm). The boundary condition of the floor panel was four edges simply supported. The first test for the third floor of the structure (prototype) in the undamaged (healthy) case was done for Al 6061-T6 (as a reference case). Experimentally, the cracks were formed with an electric saw in the midspan of the panels to simulate the damage with three different lengths: 10, 15 and 20 mm. PZT sensor was applied to the structure to capture the vibration signals. PZT was bonded on the surface of the panels in the consulted position to capture the frequency. In each case, PZT was bonded on the internal end of the crack. The first case was considered as a reference to compare with the damaged cases. In NI USB-9234 DAQ, a physical channel is a pin setting and connected to the sensor to measure an analogue signal. The changes over the signal period were measured with the amplitude which was adopted as a function of magnitude to present the difference between the extreme values for the single variables. In general, the signals were filtered and in acceleration function and time domain. Power spectrum was presented versus frequency and the zoom spectrum was selected between intervals 1000 and 6000 Hz. Then, the coherence was demonstrated as amplitude versus frequency, starting from 0 to 13,000 Hz as the signal's test limitation.
The natural frequency as a global dynamic technique was adopted and the structure was evaluated based on the change in the natural frequency. In the undamaged case, the signal result of the natural frequency was considered as the baseline measurement. In the undamaged case, four sets of data were obtained to present the filtered signals, power spectrum, zoom power spectrum and coherence for four materials. The same procedures were carried out for the changes in the conductance signature as observed for the three damaged cases. In simple terms, a filtered data option was used to distinguish the frequencies of interest. The signal power which passed through the filter was measured to determine the signal strength in certain frequency bands. For Al 6061-T6 and CFW/epoxy, the harmonic excitation signals have almost the same model of frequency with different peak values. The acceleration values varied between + 0.01 and 20.012 for both Al 6061-T6 and CFW/ epoxy. The accuracy of the data was reflected in the coherence curve. The coherence was recorded as 1, which was evidence of the collected data's accuracy in Al 6061-T6 and CFW/epoxy. The filtered signal was recorded as a function of acceleration versus the time as shown in Figure 8 (a)-(d).
The coherence was recorded as 1, as evidence of the collected data's accuracy in the two materials. The coherence patterns are the same in all the four case studies (one undamaged and three damaged), and the values were recorded as 1. Figure 9 shows the coherence pattern in LabView software analysis.
Comparison of the signals results presented the various peak values of frequencies which were affected by the material's properties. The zoom spectrum interval was selected between 3410 and 4010 Hz for all the data to compare the variation in signals. The metal material's response like Al 6061-T6 was considered in this investigation as the baseline measurement. These undamaged signals were considered as a baseline measurement to compare with the other cases (three cracked damage). There were clear differences between the natural frequency patterns that were properties of these materials and the crack effect on the frequency patterns. The frequency shifted slightly due to the vibration effect on the panels with occurred cracks. There were significant differences in signal responses of two materials for the undamaged and three damaged cases with different cracks of lengths 10, 15 and 20 mm. Through the peak amplitude finding in the complete response, the curves of peak amplitude response were formed and plotted. Comparison between the zoom spectrum of two investigated materials in the cases was as follows: undamaged, crack 10 mm, crack 15 mm and crack 20 mm are shown in Figure 10 (a) and (b), respectively.
Normally, impedance measurements shift slightly in the vertical level or lateral level when the damage occurs Peairs (2006) . Zoom power spectrum values were considered within the frequency limitation between 1108 and 1188 Hz to compare Al 6061-T6 and CFW/epoxy responses. The nature of the persuaded damages was practically small. Commonly, the appearance of new peaks in the signals is due to the effect of damage which is observed by lateral and vertical shifts of the peaks.
These peaks are very small and cannot reflect clearly the vibration responses of the panels. There are small random variations along the curves. However, the variations are relatively small. After the damage is induced, a significant change occurs in the signature pattern of the impedance curve over the entire frequency range. This is because the damage causes changes in stiffness resulting in changes in mechanical impedance of panel. However, the drop in peak amplitude curves between the undamaged panel and the crack damaged in the panels was clear. The impedance signatures significantly changed the response frequencies and tend to shift left which induced the damage. Based on the structure integrity state, the decrease in peak amplitude was observed as a drop in peak amplitude in the damaged cases in both Al 606-T6 and CFW/Epoxy. Non-homogenous materials have unique responses. The composite panels were non-homogenous materials; therefore, the natural frequency varied. At frequency 1156, only slight unequal changes were found in the peak amplitude for CFW/epoxy panel with crack 20 mm.
The RMSD's results of Al 6061-T6 and CFW/epoxy in four cases were plotted as undamaged, crack 10 mm, crack 15 mm and crack 20 mm. Al 6061-T6 was considered as the reference to compare RMSD values with CFW/epoxy. In order to quantify the change in frequency due to damage, RMSD index is utilised. It is calculated using equation (3). All calculations in this article have been made using only the real part of the impedance. Obviously, the RMSD% was increased as the crack depth increased. The final comparison of RMSD% between collected healthy and damaged results was evidence that when the damage increased, the RMSD was also increased. RMSD values of Al 6061-T6 and CFW/epoxy were very close. It is concluded from the results that the CFW/epoxy has the ability to resist the crack. Additionally, it means that the CFW/epoxy has a high performance to resist the frequency affected by vibration and can replace the Al 6061-T6, and the results are presented in Figure 11 .
Conclusion
The effort summarised in this study focuses on realtime damage diagnosis based on SHM method when PZT sensor was employed in Al 6061-T6 and CFW/ epoxy laminated composite panels. Frequently, midspan is critical to the function of the structure and its failure may incur high repair costs, or may risk survival. From the experimental results of the mechanical vibration exciter test, the damage indices were obtained by the proposed SHM technique. SHM method can monitor and predict the health status of the tested panels through the damage index matrix. The effectiveness of PZT sensor based on SHM technique for laminated composite panels has been verified. Four cases were investigated: undamaged as the first case and considered as a reference, in addition to three cracks created with length of 10, 15 and 20 mm to simulate second, third and fourth cases, respectively. The significance of vibration effects on selected specimens provides the effectiveness of the SHM system for damage identification and for composite panels. PZT sensor has the potential to be applied in health monitoring of composite structures. Statistical analysis is used to compare the results. A good performance is observed for CFW/epoxy structure. The CFW/epoxy as talent material is able to struggle against progression and prevent increase in the crack's depth. In general, the natural frequency results are decreased as the structure's stiffness is decreased and weakened due to crack damage. RMSD is an acceptable statistical analysis to evaluate structural integrity. The benefits resulting from this methodology are useful whether case damage occurs or not. Qualitative health monitoring technique is numerous: condensed maintenance costs, improved reliability and safety and increased structural lifetime. In future, two different glass fibre-reinforced epoxy composites could be considered using the same experimental setup and technique.
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